We have previously shown that genetic ablation of melusin, a muscle specific ␤ 1 integrin interacting protein, accelerates left ventricle (LV) dilation and heart failure in response to pressure overload. Here we show that melusin expression was increased during compensated cardiac hypertrophy in mice subjected to 1 week pressure overload, but returned to basal levels in LV that have undergone dilation after 12 weeks of pressure overload. To better understand the role of melusin in cardiac remodeling, we overexpressed melusin in heart of transgenic mice. Echocardiography analysis indicated that melusin over-expression induced a mild cardiac hypertrophy in basal conditions (30% increase in interventricular septum thickness) with no obvious structural and functional alterations. After prolonged pressure overload (12 weeks), melusin overexpressing hearts underwent further hypertrophy retaining concentric LV remodeling and full contractile function, whereas wild-type LV showed pronounced chamber dilation with an impaired contractility. Analysis of signaling pathways indicated that melusin overexpression induced increased basal phosphorylation of GSK3␤ and ERK1/2. Moreover, AKT, GSK3␤ and ERK1/2 were hyper-phosphorylated on pressure overload in melusin overexpressing compared with wild-type mice. In addition, after 12 weeks of pressure overload LV of melusin overexpressing mice showed a very low level of cardiomyocyte apoptosis and stromal tissue deposition, as well as increased capillary density compared with wild-type. These results demonstrate that melusin overexpression allows prolonged concentric compensatory hypertrophy and protects against the transition toward cardiac dilation and failure in response to long-standing pressure overload. (Circ Res. 2005;96:1087-1094.) 
M echanical stretching imposed on cardiac walls by hemodynamic overload generated by several cardiovascular diseases, such as aortic stenosis, hypertension and myocardial infarction, triggers left ventricular hypertrophy (LVH), a process aimed to increase cardiac pumping function and normalize wall stress. This response is achieved via signaling pathways, which trigger increased synthesis of sarcomeric proteins and growth of cardiomyocyte mass. In addition, LVH is accompanied by release and secretion of neurohumoral mediators, growth factors, and cytokines that, contribute to the growth of cardiomyocytes, as well as blood vessels and interstitial connective tissue. Consistent with this general picture, a variety of different signaling pathways have been implicated in the hypertrophic growth of cardiac muscle. 1, 2 Although LVH provides increased contractile power, several clinical and experimental studies have demonstrated that cardiac hypertrophy is frequently associated with an increased risk of heart failure. Following chronic pressure overload, in fact, compensatory hypertrophy can evolve to decompensated hypertrophy with cardiac dilation and loss of contractile function, representing the typical features of heart failure. This unfavorable evolution can be accounted for by several causes, including abnormal accumulation of stromal tissue, poor development of capillary vascular bed, myocyte apoptosis, inadequate cardiomyocyte growth, and defective Ca 2ϩ cycling. 2 The molecular mechanisms responsible for this transition are still poorly defined and identification of genes and signaling pathways involved represents a major challenge of molecular cardiology.
We have previously identified melusin as a new musclespecific protein binding to the cytoplasmic domain of integrins 3 and acting as mechanical stretch sensor. Targeted inactivation of melusin gene in mice caused impaired LVH with accelerated development of dilated cardiomyopathy in response to chronic pressure overload. 4 Here we report that cardiac selective overexpression of melusin in transgenic mice allows retainment of concentric compensatory hypertrophy and proper contractile function in conditions of prolonged pressure overload leading to LV dilation and contractile dysfunction in control wild-type (WT).
Materials and Methods

Generation of Transgenic Mice
Alpha-MHC promoter 5 was cloned upstream the myc-tagged human melusin cDNA followed by ␤-globin intron and poly-A ( Figure 1D ). The DNA construct described previously was microinjected in FVB fertilized eggs and transgenic integration was confirmed by Southern blot ( Figure 1E ). The use of animals was in compliance with European Community guidelines and was approved by the Animal Care and Use Committee of Turin University.
LV Pressure Overload
A chronic pressure overload was imposed to the LV through transverse aortic banding (AB), as previously described. 4 Systolic pressure gradient (SPG) was measured by selective cannulation of left and right carotid arteries during the hemodynamic analysis at 12 weeks of AB. 4
LV Echocardiographic and Hemodynamic Analysis
Conscious blood pressure and heart rate were measured in unrestrained conditions by radiotelemetry as previously described. 6 Serial echocardiographic evaluations were assessed in mice in basal conditions and during chronic pressure overload (4, 8, and 12 weeks after banding) as described. 4 Hemodynamic measurements were performed in anesthetized aortic-banded and sham-operated mice after 12 weeks from AB, as described. 4
Histological Analysis
Histological analysis was performed as described. 4 Fibrosis was quantified by Picrosirius red followed by ImageProPlus software analysis. Apoptotic cells were detected by TUNEL. Capillaries were identified by anti von Willebrand factor antibodies (Sigma).
Isolation of Adult Cardiomyocytes and Morphometric Analysis
Cardiomyocytes were enzymatically dissociated from hearts as described. 7 Freshly isolated cardiomyocytes were photographed at 20x phase contrast and cell areas were measured using ImageProPlus software.
Embryonic Cardiomyocyte Isolation and Transduction
Ventricular cardiomyocytes were prepared from Sprague-Dawley rat hearts as described. 8 Final cultures contained Ͼ95% cardiomyocytes as determined by actin staining.
Lentiviral vector coding for myc-tagged human melusin, and a control vector coding for GFP, were prepared as described. 9 Forty-eight hours after plating, cardiomyocyte were incubated overnight with lentivirus. Infection efficiency was Ϸ80%. After washing, cells were further incubated for 72 hours with or without 50 mol/L MEK-1 inhibitor (PD98059, Calbiochem) or 20 mol/L AKT inhibitor (1L-6hydroxymethyl-chiro-inositol-2(R)-2-O-methyl-3-Ooctadecylcarbonate, Calbiochem). Cells were fixed and stained with FITC-labeled phalloidin (Sigma) or subjected to Western blot analysis.
Northern and Western Blot Analysis
Northern blots with LV RNA were performed as described 4 and probed with atrial natriuretic factor (ANF) and alpha-skeletal actin (SkA) radiolabeled probes. Western blots on LV protein extracts were performed as described. 4 Polyclonal antibodies to melusin were prepared as described. 3
Transcriptome Analysis
Gene expression profile was performed on a mouse microarray platform with a collection of 13,443 70mer oligonucleotides (Qiagen-Operon, version 1.1). Preparation of the microarray, RNA labeling, hybridization and detection of differentially expressed transcripts are described in online supplementary information at http://www.circresaha.org.
Statistical Analysis
Results are presented as meanϮS.E. Differences between groups were compared using 2-way ANOVA followed by Bonferroni post-hoc test. A value of PϽ0.05 was considered significant. 
Results
Melusin Expression in Pressure Overloaded Hearts
To investigate whether melusin expression is modified by pressure overload, WT were subjected to AB for different times. Whereas after 1 week LV showed a concentric hypertrophic remodeling, at 12 weeks the chamber was clearly dilated (Figure 1a ). Melusin expression increased by 2.6-fold over basal (PϽ0.05 in 5 hearts) in the first week of AB (Figure 1b ,c). However, after 12 weeks of AB, melusin expression in LV was decreased as compared with 1 week of AB (PϽ0.05, nϭ5) and not significantly different from basal levels. Thus, melusin expression is regulated during the LV remodeling induced by chronic pressure overload.
These data, together with the finding that inactivation of melusin gene in mice causes premature evolution toward dilated cardiomyopathy in response to pressure overload, 4 led us to test whether forced melusin expression can prevent cardiac dilation in conditions of chronic pressure overload.
Generation of Mice Overexpressing Melusin in Heart
Two lines (L.3 and L.12) of transgenic FVB mice selectively expressing myc-tagged melusin transgene in the heart were selected (Mel-TG) ( Figure 1G ). Melusin expression was increased Ϸ15-fold and 8-fold in L.3 and L.12 lines respectively compared with WT littermates as detected by western blot ( Figure 1F ).
Transgenic mice were born in a normal Mendelian distribution, excluding lethal developmental abnormalities. They exhibit normal reproductive rate and gender distribution and did not demonstrate any difference in longevity over 2 years. All experiments reported were performed with male mice and both transgenic lines displayed comparable phenotype, ruling out the possibility that the alterations detected are due to insertional mutagenesis.
Melusin Overexpressing Mice Show LVH in Basal Conditions
Mel-TG mice exhibited a slight LVH as compared with WT (LVW/BW: 3.12Ϯ0.11 versus 2.84Ϯ0.08, nϭ11 per group, PϽ0.05), even with comparable systolic and diastolic blood pressure (SBP: 108Ϯ4 versus 110Ϯ3; DBP: 84Ϯ1 versus 85Ϯ1 mm Hg) and heart rate (579Ϯ50 versus 552Ϯ37 bpm) as detected by radiotelemetric measurements in conscious mice. Furthermore, LV contractile function and diastolic relaxation, evaluated by dP/dt max and by dP/dt min and Glantz, respectively, were also comparable between Mel-TG and WT mice (Table 1) . However, echocardiography showed a different basal LV geometry between the 2 mouse strains ( Table 2 ). Both interventricular septum and LV posterior wall thickness were significantly increased in Mel-TG as compared with WT, resulting in significantly higher relative wall thickness. LV histological analysis indicated that myocyte cross-sectional areas were Ϸ30% higher in Mel-TG hearts compared with WT (Figure 2A,B ). This level of hypertrophy was confirmed by analysis of cardiomyocytes isolated from adult hearts ( Figure 2C ,D). No histological signs of stromal tissue deposition were observed, suggesting that LVH in Mel-TG mice can be ascribed to increased cardiomyocyte size.
Therefore, in basal conditions, melusin overexpression does not affect cardiac function, but induces a significant concentric LVH.
In addition, Northern blot analysis showed increased ANF, but reduced SkA expression in Mel-TG LV (Figure 2E ,F) indicating a specific pattern of LVH. EDV, end-diastolic volume; ESP, end-systolic pressure; EDP, end-diastolic pressure; dp/dt max , maximal rate of pressure development; Emax, maximum chamber elasticity; dp/dt -min , maximal rate of pressure decay; (Glanz), monoexponential time constant of relaxation; EDPVR, end diastolic pressure-volume relationship.
Melusin Overexpression Protects from Dilated Cardiomyopathy in Response to Long-Standing Pressure Overload
Mel-TG and WT mice were subjected to AB for 12 weeks, and serial echocardiography was performed to progressively monitor cardiac structure and function ( Figure 3a ).
Four weeks after banding, both mice strains showed increased interventricular septum, LV posterior wall thick-ness and LV mass index (Table 2) . Concomitantly, LV end-diastolic diameter was decreased. Therefore, an increase in relative wall thickness was achieved in both mice groups (Table 2, Figure 3a ,c). This remodeling represents a typical pattern of concentric hypertrophy, an adaptive compensatory mechanism to sustained hypertensive conditions. Although Mel-TG still showed a higher LV mass index, LVH response was similar in both mice groups (⌬ % LVMI 92Ϯ23% versus 103Ϯ16%). At 8 weeks of AB, WT mice showed reduction in LV wall thickness with a concomitant increase in LV end-diastolic diameter (Table 2, Figure 3b ) indicating an initial eccentric hypertrophic remodeling. Mel-TG mice, on the other hand, maintained values of LV wall thickness and diameters comparable to those developed after 4 weeks of AB. More importantly, systolic contractile function, as measured by fractional shortening (FS), was fully retained in Mel-TG, while significantly impaired in WT (Table 2, Figure 3d ).
At 12 weeks of AB, WT mice showed a further dilation of the LV chamber combined with a greater thinning of the walls (Table 2, Figure 3a) . These alterations were associated with a further reduction of contractile function, thus realizing the transition toward heart failure. In contrast, Mel-TG mice retained the LV concentric hypertrophy and systolic function detected at 8 weeks (Table 2, Figure 3 ). Hemodynamic evaluations indicated that, whereas WT mice showed a significantly reduced systolic function in terms of dP/dt max, Mel-TG preserved contractile function (Table 1) . Moreover, maximum chamber elasticity (Emax) showed a significant increase in Mel-TG, but not in WT mice, further demonstrating a better contractile function in transgenic animals. Nevertheless, pressure overloaded LVs of both mice strains showed an impaired diastolic function, as detected by dP/dt min and Glantz.
SPG measured at 12 weeks of AB was similar in both study groups (Table 1) . Finally, the relationship between SPG and FS revealed that Mel-TG mice show higher FS at any SPG studied, revealing the ability of melusin to protect against cardiac dysfunction in a wide range of pressure overload (Figure 3e ).
All together these data indicate the ability of melusin overexpression to maintain concentric compensatory hypertrophic remodeling and to prevent the onset of heart failure.
Melusin Overexpression Induces Increased Phosphorylation of AKT/GSK3␤ and ERKs
Western blot analysis was performed to investigate the signaling events affected by melusin overexpression. Unstimulated LVs of Mel-TG mice showed increased Ser9 phosphorylation of GSK3␤ as compared with WT ( Figure  4a,b ). Mel-TG hearts also showed increased level of ERK1/2 phosphorylation after normalization on total ERK1/2 which were expressed at higher levels in Mel-TG mice.
We then tested the activation of these pathways in response to AB. After 10 minutes of AB, GSK3␤ was phosphorylated at a much higher level in Mel-TG compared with WT LV (Figure 4c,d ). Similar differences were also observed for AKT, consistent with its role as a major kinase involved in Ser9 phosphorylation of GSK3␤. ERK1/2 were also strongly phosphorylated in transgenic mice compared with WT. On the other hand, p38 phosphorylation in response to AB was not significantly different between the 2 mouse strains.
Increased phosphorylation of these signaling proteins in Mel-TG versus WT LVs persisted for the whole period of AB (Figure 4e,f) . Increased phosphorylation of AKT in Mel-TG LVs at 12 weeks of AB was also detected by immunostaining of heart histological sections (not shown).
AKT and ERKs Signaling Mediate Melusin-Induced Cardiomyocyte Growth
In order to test if AKT and ERK have a causative role in melusin-induced cardiomyocyte hypertrophy, in vitro exper-iments were performed. To induce melusin overexpression, cultured rat embryo cardiomyocytes were infected with a lentiviral vector coding for melusin ( Figure 5a ). Consistent with in vivo experiments in transgenic hearts, melusin overexpressing cardiomyocytes underwent pronounced hypertrophy as assessed by surface area measurements (Figure 5b,c) . This response was strongly blunted by treatment either with PD98059, a MEK-1 inhibitor that prevented ERK1/2 phosphorylation (85% inhibition), or with a phosphatidylinositol analog inhibiting AKT (73% inhibition). These data indicate that, AKT and ERK play a crucial role in the hypertrophy response induced by melusin overexpression.
Melusin Overexpression Protects From Apoptosis and Fibrosis Induced by Long-Standing Pressure Overload
As AKT, GSK3␤, and ERK signaling can protect from apoptosis, we measured apoptotic index in hearts subjected to 12 weeks of pressure overload. WT LVs showed a high number of TUNEL-positive cells (Figure 6a,b) , consistent 
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with previous reports indicating that apoptosis is a major event involved in the onset of heart failure on prolonged pressure overload. 10 In contrast, Mel-TG LV subjected to 12 weeks of pressure overload showed a number of TUNELpositive cardiomyocytes not significantly different from that of sham-operated mice. Heart sections were also stained with Picrosirius red to detect fibrosis. Deposition of stromal connective tissue was strongly reduced in melusin transgenic LV after 12 weeks of pressure overload compared with WTs (Figure 6c and 6d) . Western blot analysis further indicated that after AB levels of TGF-␤1, a major pro-fibrotic cytokine, were 47% lower in Mel-TG LV (Figure 6e and 6f) .
After 12 weeks of pressure overload, capillary density, a parameter that participates in heart remodeling, was 26.3% higher in Mel-TG LV compared with WT (PϽ0.05).
Melusin Overexpression Regulates Genes Involved in Fibrosis and Inflammation
Global transcriptome analysis in WT and Mel-TG LV subjected to AB for 12 weeks was performed using an oligonucleotide array representing Ϸ13 000 mouse genes. LV samples from 2 different Mel-TG mice were compared in competitive hybridization to WT, and experiments were repeated twice. Comparison of the expression profile revealed 110 differentially expressed genes, 68 underexpressed and 42 overexpressed in Mel-TG hearts compared with WT. The complete dataset is reported at http://muscle.cribi.unipd.it/ microarrays/melusin/. Genes coding for extracellular matrix proteins, leukocyte markers, and cytokines were the largest functionally related gene clusters differentially expressed in the 2 mice strains. This strongly indicates that fibrosis and inflammation are significantly depressed in Mel-TG versus WT LVs subjected to chronic pressure overload (Online Table 1 ). Interestingly, kallikrein, a protease capable of releasing kinins and inducing collagen breakdown, was upregulated in Mel-TG consistently with its role as an antifibrotic gene. 11, 12 Moreover, SkA was greatly reduced in Mel-TG versus WT banded hearts, thus confirming that reduced expression of SkA is characteristically retained during the 12 weeks of hypertrophic remodeling.
Discussion
Here we report that overexpression of melusin, a recently described integrin-binding protein, 3 in hearts of transgenic mice, induceds a modest, but significant, level of LVH in basal condition. Moreover, in response to chronic pressure overload, melusin overexpression allows sustained compensatory LVH and prevents the transition toward heart failure. Because loss of melusin causes reduced LVH followed by heart dilation and failure in response to hemodynamic overload, 4 we conclude that melusin is an important molecule controlling beneficial remodeling of LV.
The protection against heart failure observed in Mel-TG subjected to aortic constriction could be influenced, at least initially, by the presence of a basal LVH leading to reduced wall stress. Recent experimental evidence, however, indicate that normalization of wall stress is not crucial to prevent the evolution toward cardiac dysfunction in response to pressure overload. In fact, mice defective for Gq signaling and for norepinephrine synthesis do not develop heart failure despite markedly blunted cardiac growth response to pressure overload and abnormally higher wall stress. 13 Thus, normalization of wall stress is not the main variable in the evolution of overloaded hearts toward heart failure, but other factors such as the quality of cardiac hypertrophy can play a crucial role.
LV adaptive hypertrophy induced by melusin overexpression showed specific molecular features. In particular, analysis of LVH markers indicated that SkA, a prominent fetal actin isoform, is downregulated in Mel-TG heart versus WT both in basal conditions and after 12 weeks of AB. Consistent with the hypothesis of melusin acting as a stretch sensor downstream integrin signaling, SkA gene promoter is silenced in cultured fibroblast stretched by mechanical force applied to ␤1 integrin with collagen-coated magnetic beads. 14 In contrast, SkA is upregulated in experimental mouse models of chronic pressure overload and in human heart failure, 15 but downregulated or unchanged in exercise-induced cardiac hypertrophy. 16 The finding that SkA was downregulated in Mel-TG versus WT LV suggests that, in conditions of pressure overload, cardiac hypertrophy in Mel-TG partially mimics that observed in exerciseinduced cardiac hypertrophy.
An additional feature of LVH of Mel-TG mice is absence of fibrosis as detected by both histological analysis and gene profiling experiments. This could be ascribed to negative regulation of well-known profibrotic factors such as TGF-␤ 1, and to upregulation of antifibrotic factors such as kallikrein. In this respect it is worth noting that forced expression of kallikrein gene in heart of diabetic rats prevents fibrosis and ameliorates ventricle function. 14 Accumulation of stromal tissue represents a deleterious feature of LVH affecting the viscoelastic properties of the myocardium, impairing diastolic function and favoring the transition toward heart failure. The reduced fibrosis in Mel-TG overloaded LV could lead to improvement of diastolic function. This, however, was not the case since impairment of LV diastolic function was comparable in Mel-TG and WT mice in conditions of pressure overload. Indeed, fibrosis is only one of several determinants of diastolic function, 17 and hypertensive conditions represent another crucial factor, evoking an impairment of LV diastolic function independently of their impact on cardiac hypertrophic remodeling. 18 Thus, the hypertensive conditions imposed by AB in both Mel-TG and WT mice may mask the impact on diastolic function of reduced fibrosis.
Finally, additional important features of AB-induced heart remodeling in Mel-TG mice are reduced inflammatory reaction and increased capillary density, two additional features of the exercise-induced hypertrophy. 19 Previous findings have shown that melusin ablation impairs phosphorylation of AKT and GSK3␤ 4 in response to pressure overload. Here we show that, in basal conditions, Mel-TG hearts display higher GSK3␤ and ERK1/2 phosphorylation. Moreover, these phosphorylations are further increased in Mel-TG LV after pressure overload and maintain a higher level over WT after 12 weeks of AB. Interestingly, inhibitors of AKT and ERK1/2 block melusin-induced hypertrophy in cultured rat embryo cardiomyocytes. These data, although obtained in a cell culture model with growth features different from those of adult cardiomyocytes, support a causative role for AKT and ERK1/2 in melusin-induced LVH. The mechanisms by which melusin controls AKT phosphorylation are unknown at present. Several examples of adaptor proteins devoid of enzymatic activity, such as Shc and Grb2, and p130Cas are known to regulate different kinases. The most likely hypothesis is that melusin can function as an adaptor molecule interacting with proteins regulating AKT activation. AKT controls phosphorylation of mTor, p70S6K and GSK3␤, three serine/threonine kinases responsible for increased protein synthesis. Forced expression of constitutively active AKT in the heart of transgenic mice induces increased cardiomyocyte size and concentric hypertrophy in the absence of fibrosis with preserved systolic function. 20 In addition expression of a nonphosphorylable form of GSK3␤ prevents LVH in response to pressure overload as well as other hypertrophic stimuli. 21 In agreement with these findings, lack of GSK3␤ phosphorylation in response to pressure overload is associated with reduced LVH and development of dilated cardiomyopathy, 4,22 pointing to an important role of melusin-induced AKT and GSK3␤ overphosphorylation to sustain an adaptive concentric LVH.
A number of studies implicate ERK1/2 signaling as an important regulator of LVH. 23 In particular, overexpression of MEK1, an upstream activator of ERK1/2, in transgenic mice leads to development of compensatory LVH. 24 The increased ERK1/2 phosphorylation observed in Mel-TG heart, both in basal condition and after AB is, thus, in line with the compensated hypertrophy phenotype observed in our transgenic mice.
AKT, GSK3␤, and ERK1/2 are among the main signaling proteins involved in the anti apoptotic machinery. 25 AKT inhibits caspase 9 and the proapoptotic molecule Bad, stimulates the prosurvival factor Bcl-2, and phosphorylates fork-head transcription factors, repressing their ability to promote proapoptotic genes. In addition, transgenic mice overexpressing MEK1 in the heart show reduced cardiomyocyte apoptosis in a model of ischemia-reperfusion injury. 26 GSK3␤ is also involved in protecting cardiomyocytes against apoptosis by regulating the mitochondrial permeability transition pore complex, which plays a central role in mitochondria-mediated cell death. 27 Involvement of these signaling molecules downstream melusin can, thus, explain the protection from apoptosis observed in transgenic hearts subjected to pressure overload.
In conclusion these data indicate that melusin overexpression allows sustained concentric compensatory cardiac hypertrophy in response to chronic pressure overload. LV remodeling in Mel-TG mice displays several features observed in hearts undergoing hypertrophy in response to physical training such as reduced fibrosis, apoptosis and inflammation and increased capillary density. This is likely to occur through the regulation of protective pathways maintaining a proportional balance between cardiac muscle and stromal tissue in overloaded LV. Because melusin expression increases in compensated hypertrophic LV subjected to pressure overload, but returns to basal level in dilated heart, upregulation of melusin expression could represent a novel strategy to activate beneficial signaling in LV remodeling and prevent the transition toward heart failure in response to hemodynamic overload.
